During puberty the effects of adrenal androgens upon skeletal maturation are obscured by the influence of gonadal steroids. Suppression of gonadarche with an analogue of luteinizing hormone releasing hormone (LHRHa) affords an opportunity to examine the onset and progression of adrenarche in the absence of pubertal levels of gonadal steroids in a controlled fashion and to explore the relationship between adrenal androgens and the rate of epiphyseal maturation.
Introduction
The ontogeny of adrenal androgen secretion and the impact of the adrenal androgens upon skeletal maturation in childhood has been difficult to study due to the overshadowing effects of gonadal steroids at puberty. Experiments of nature in which the onset of adrenarche and gonadarche are dissociated have suggested that these two processes are independently controlled (1 -5 ). It has not been possible previously to examine the progression Receivedfor publication 19 March 1985 and in revisedform 24 September 1985. of adrenarche isolated from the influence of gonadal steroids, and to elucidate the relative contribution of adrenal androgens to the rate of bone maturation during childhood. With the advent of luteinizing hormone releasing hormone analogues (LHRHa),' which block luteinizing hormone-releasing hormone (LHRH)-induced gonadotropin release selectively, it is now possible to investigate the role ofspontaneously increasing levels of adrenal androgens during puberty in the absence of the complicating variable of changing levels of gonadal sex steroids. In this report, we have examined the onset and progression of adrenarche in 29 children with central precocious puberty (CPP) before and after the administration ofa potent LHRHa (D-Trp6-Pro9-NEt-LHRH), which previously has been shown to suppress pituitary gonadotropin secretion and to maintain gonadal steroids in the prepubertal range (6) (7) (8) (9) . Using this experimental model, we have been able to approach directly the natural history of the appearance of adrenal androgens as well as the impact of these hormones upon the rate of skeletal advancement and upon predicted height.
Methods
Patient population. 25 girls and 4 boys with CPP, manifested by premature secondary sexual development (earlier than age 8 in girls and age 10 in boys), and evidence of activation ofthe hypothalamic-pituitary-gonadal axis with pubertal levels ofgonadotropins and sex steroids, were evaluated before and after continuous suppression of gonadarche with LHRHa. The initial evaluation occurred with a variable time after the onset of the premature gonadarche. Three of the girls and one of the boys had neurogenic precocity; all others had idiopathic precocity. To assess the timing of changes in long-term parameters such as skeletal maturation and adrenarche, only subjects whose puberty had been suppressed for a minimum of 12 mo (range 12-48 mo) were selected for study (Table I) .
Protocol. Base-line endocrine investigation included an assessment of patterns of secretion of gonadotropins with blood samples obtained at 20- Laboratory tools. Pubertal staging of breast and pubic hair development was quantitated by the method of Tanner (10) . Testicular size was measured by a Prader orchidometer (1 1). Height was assessed by serial measurements with a wall-mounted stadiometer. Serum levels of gonadotropins, estradiol, and testosterone were assayed as previously described (12) . DHAS values were measured using a direct radioimmunoassay of unextracted serum (13) . There is cross-reactivity between DHAS (100'%) and dehydroepiandosterone (40.5%), andosterone (32.6%), androstenedione (18.8%), and epiandrosterone (20 child had experienced a pubertal growth spurt (9.6±0.7 cm/yr) and a rapid rate of bone advancement, so that the ratio of bone age (BA) to CA was >1 ( Fig. 1) , rather than the expected normal ratio of one. Pretherapy BA ranged from 8 to 13.6 (mean 11.5±0.3 yr). Growth velocities were similar in preadrenarchal and adrenarchal children (10.6±1.1 vs. 8.5±0.7, P = 0.1 1).
Despite these manifestations of premature gonadarche, the majority of the children had adrenal androgen levels appropriate for their CA (Fig. 2 ), but not for their skeletal maturation (r = 0.02, P = 0.92). 10 of 29 children were observed to have DHAS levels outside the normative data base (±2 SD, Fig. 2 ). The mean age of onset of gonadarche in the children with premature adrenarche was 3.4±0.8 yr (n = 10). Premature activation of the adrenal androgen axis was not correlated with a certain age of onset of the premature sexual maturation (i.e., ages 6-8, as has previously been reported [3] ). The presence of pubic hair, as assessed by Tanner staging, did not correlate with DHAS levels before therapy (r = 0.07, P = 0.74). In fact, three girls aged 4-5 were noted to have pubic hair at Tanner stages 2-3 in association with preadrenarchal DHAS levels (20.8±7.8 ztg/dl).
Post LHRHa therapy (1) Gonadal suppression. (14) (Fig. 2) . DHAS values were positively correlated with the degree of pubic hair development after the return of gonadal steroids to prepubertal levels during LHRHa administration, whereas before therapy there had been no correlation due to the inclusion of several patients (see above) in whom pubic hair was present despite preadrenarchal levels of DHAS. This association between DHAS levels and pubic hair development was first evident by 18 mo of treatment (r = 0.65, P = 0.02). In the three girls who exhibited Tanner stage 2-3 pubic hair despite low levels of adrenal androgens, reduction of gonadal steroids to prepubertal levels resulted in a disappearance of the pubic hair.
(3) Skeletal maturation. To assess the effect of adrenal androgens on the rate of skeletal advancement in the absence of pubertal levels of gonadal steroids, levels of DHAS were examined before and after 12 Fig. 3, top) .
To consider the influence of the onset and progression of adrenarche on the rate of skeletal advancement during the LHRHa-induced suppression of gonadal steroids, DHAS values at each follow-up visit were then compared with the bone advancement at that particular interval oftime on therapy. During LHRHa administration for 12-48 mo, DHAS levels continued to be significantly correlated with the contemporaneous rate of skeletal maturation (ABA/ACA) at 12 mo, r = 0.68, P = 0.001; 18 mo, r = 0.73, P = 0.001; 24 mo, r = 0.54, P = 0.02; and the most recent visit (12-48 mo, r = 0.52, P = 0.004, Fig. 3, bottom) .
The children who remained preadrenarchal (DHAS < 60 jig/ dl) during LHRHa suppression of gonadal steroids were noted to have the slowest rate of bone advancement (ABA/ACA = 0.34±0.11). With the onset or progression ofadrenal androgen maturation (DHAS > 60), while gonadal steroids were suppressed to normal childhood levels, there was a less pronounced reduction in the rate of skeletal advancement (ABA/ACA = 0.54±0.05). The difference between the rate of bone maturation in these two subsets of children was statistically significant (P = 0.03).
In an attempt to explore the impact of adrenal maturation upon ultimate adult stature, we examined the levels of DHAS in the children before LHRHa administration and their increases in predicted mature height during 12 to 48 mo of LHRHa treatment (Fig. 4) . Predicted mature height is calculated from established normative tables (16) and reflects the relationship between skeletal maturation and statural achievement at any given point in time. Increases in predicted height occur whenever statural growth progresses at a more rapid rate than that ordinarily expected for the child's skeletal maturation. DHAS values before LHRHa administration were negatively correlated with the increment in predicted height occurring during suppression ofgonadal steroids. This relationship was observed at 12 mo, r = 0.36, P = 0.05; 18 mo, r = -0.47, P = 0.04; 24 mo, r = -0.53, P = 0.02; and at the most recent visit (12-48 mo, r = -0.49, P = 0.007). Four children had a diminution in predicted height during therapy (mean, 1.6 cm). Three of four of these children had premature adrenarche, and all had been on LHRHa therapy less than the mean length of the entire group (1.6 vs. 2.35 yr) .
Thus, the children who were preadrenarchal before LHRHa treatment (i.e., DHAS < 60) had the largest increment in predicted mature height during continuous LHRHa (20, 21) .
Previous attempts to dissect the interactions between adrenal and gonadal steroids have relied upon careful observation of experiments of nature. Albright reported that the appearance of pubic and axillary hair as well as a peripubertal rise in 17 ketosteroid levels were markers of adrenal androgen maturation and were present in agonadal subjects (1) . Using serum levels of DHAS because of its long serum half-life as a stable index of adrenal androgen secretion, Sklar et al. (3) documented that subjects with gonadal dysgenesis have levels of DHAS that do not differ significantly from those of control subjects with intact gonads. These investigators also confirmed the previous observation by Copeland et al. (2) that patients with idiopathic hypogonadotropic hypogonadism (isolated LHRH deficiency) experienced adrenarche despite absent gonadarche, in contrast to boys with constitutional delay in whom both adrenarche and gonadarche were delayed. In children with premature pubarche (4, 5), early activation of adrenal androgen secretion has been reported in the presence of prepubertal gonadal steroid levels. In concert, these studies have suggested the independent control of adrenal and gonadal steroid secretion.
Our study extends these observations by examining the aforementioned relationships in a controlled, experimental paradigm. Measurements of DHAS levels were used as an index of adrenarche because the hormone has a long serum half-life and is the only androgen that is primarily secreted by the adrenal (>95%). A small contribution by the gonad, an enzyme defect, or a maturational change in steroid metabolism (in the four boys) is highly unlikely, but cannot be excluded. There are no data to suggest that the LHRHa would act to increase DHAS secretion from the adrenal or gonad. In humans, the analogue appears to have a direct pituitary effect selectively suppressing gonadotropin secretion (22 (3) observed increased levels of DHAS compared with age-matched controls when the precocity began between CAs 6-8, but not when the precocity began before age 6. 10 of our 29 children were noted to have precocious adrenarche. In contrast to the previous report, the age of onset of sexual precocity in our study was not associated with the occurrence of premature adrenarche, and many of the 10 subjects with premature adrenarche noted the onset of their gonadarche before age 6. This observation suggests that neither one ofthese generally age-dependent processes triggers the onset of the other.
Having established that LHRHa is capable of maintaining prepubertal levels of gonadal sex steroids without influencing the normal ontogeny of adrenal androgen secretion, the effects of increasing adrenal androgen levels upon epiphyseal maturation could then be examined. An influence ofadrenal sex steroids upon epiphyseal maturation has been previously inferred from observations in three clinical settings. Cases of virilizing adrenal adenomas and carcinomas presenting in childhood have been associated with striking degrees of skeletal advancement (25) (26) (27) (28) . Additionally, children with congenital adrenal hyperplasia have been observed to have BA that may become greatly advanced for CA (29, 30) . These situations, however, are problematic experimental models because of the nonphysiologic levels of adrenal androgens which are present.
Patients with an isolated deficiency ofgonadotropin-releasing hormone are a third subset in which it is possible to chronicle the progression of adrenarche independent from that of gonadarche. While detailed data concerning the timing and pace of their adrenal maturation are not available, descriptions of the natural history ofthese patients intimate that their growth plates often fuse in the absence of gonadal steroids, suggesting a potential role for adrenal steroids in epiphyseal maturation (31, 32) . However, as recent investigations have delineated the clinical and biochemical heterogeneity ofpatients with this disorder (33) , it has become evident that these patients constitute a less than optimal model in which to study ofthe isolated effects ofadrenal androgens upon the rate of bone maturation.
Experimental models in which exogenous adrenal androgens have been administered have been contradictory. Dehydroepiandrosterone was observed to increase the rate of skeletal maturation in infant and prepubertal mice in a manner equivalent to testosterone (34) . The dosages used, however, were nonphysiologic, and the exogenously administered DHAS may well have been converted to testosterone. In the human, Forest et al. (35) administered DHAS to children with delayed or absent adrenarche in physiologic doses for up to 24 mo without demonstrable effects upon epiphyseal advancement.
Using a paradigm in which a prepubertal gonadal steroid milieu is restored experimentally while adrenarche begins and 124 progresses in a normal fashion, our study confirms and extends previous clinical observations and documents the association between increasing levels of adrenal androgens and accelerated rates of skeletal maturation during childhood. Children who remained preadrenarchal during LHRHa suppression of gonadarche exhibited the greatest slowing of their previously rapid rates of skeletal maturation. With the onset of progression of adrenarche when gonadal steroids were restored to prepubertal levels, a less striking slowing of bone maturation was observed.
The subjects who were preadrenarchal at the onset of LHRHa administration and remained so throughout treatment were observed to have the more striking retardation in the rates ofskeletal advancement and, consequently, the larger increments in their predicted adult heights. Linear growth rates were not correlated with adrenarchal status; however, the impact of adrenal androgens upon linear growth would be difficult to assess in our study in relation to the impact of other factors such as CA, skeletal age, growth hormone status, and a child's genetic program of statural growth. Contrary to a clinical teaching that pubic hair is the major clinical marker of adrenal androgen secretion (at least in females) (1, 36, 37) , our data suggest that the control of hormonally mediated hair growth is more complex. Some of the girls with premature gonadarche had pubic hair without evidence of adrenal activation and, when their gonadal steroids were suppressed, the hair disappeared without a change in the levels of DHAS. This suggested that the hormonal support for their pubic hair was related either to gonadal androgens or to estrogen-induced potentiation of the low levels of androgens present. When the pubertal levels of gonadal steroids subsequently declined to prepubertal concentrations with LHRHa administration, the correlation of DHAS levels with the degree of development of pubic hair was restored. These observations imply a complicated and as yet poorly understood influence of the local sex steroid environment on the growth of the hair follicle. Perhaps, in addition to the type of sex steroid and its concentration, there is a component of temporal exposure that modifies the impact of the hormonal stimulus upon sexual hair growth.
In summary, LHRHa administration permits a dissection of the influences of a normal ontogeny of adrenal androgen secretion during childhood from those of gonadarche. Use of this selective probe resulted in sustained suppression of gonadarche in children with CPP, restoring a prepubertal gonadal steroid milieu for 12-48 mo. It appears that this approach provides independent support for previous observations, which suggest that adrenarche and gonadarche are independent processes. In addition, these data suggest that the growth of pubic hair may be influenced by gonadal as well as adrenal steroids, and demonstrate that adrenal androgens contribute to epiphyseal maturation during childhood. It is likely that LHRHa administration will prove most effective in increasing the predicted mature height of children with precocity who are preadrenarchal. The role of adrenal androgens in statural growth during mid-childhood and in the adolescent growth spurt remains to be elucidated by future investigation.
